As an effective ground-reinforcing system, rockbolts have been widely used in underground excavations. Corrosion of rockbolts has been one of the most reasons for rockbolts system failure. In this paper, the chemical composition and pH values of the groundwater in Sanshandao Gold mine are first tested. Corrosion of the slotted rockbolts used in roadways of the mine is analysed. The corrosion rate of rockbolts is evaluated based on experimental results from similar corrosive conditions. A time-dependent analytical model on anchoring force degradation caused by corrosion of the rockbolt is developed. Furthermore, the effects of corrosion rate and geometric parameters of the slotted rockbolts on anchoring force degradation are discussed. Suggestions on rockbolts support design in corrosive conditions are given. It has been found that, with the corrosion time increasing, the anchoring force between the rock and the rockbolt gradually decreases. The larger the corrosion rate is, the faster the anchoring force decreases. For long-term service roadways under corrosive conditions, a slotted rockbolt with a smaller radius and thicker wall can enhance the anchoring force.
Introduction
Rockbolts support is an effective ground-reinforcing system to keep stability of underground excavations, which has been widely used in subways, road tunnels, and underground mines. The performance of rockbolts is affected by the service environment, e.g., the ground stress, rock properties, and groundwater. The groundwater containing complex chemical compositions can make rockbolts corrosion. Corrosion of rockbolts has been of concern in many underground constructions, which can result in failure of reinforcing system and finally cause destruction of underground excavations [1] . The corrosion cost for underground construction of coal mines in China is estimated to be around 12.27 billion dollars in 2014 [2] . Therefore, there is a well-justified need for investigation corrosion of rockbolts in underground mines and its effect on the stability of underground constructions.
Rockbolts can be divided into metal rockbolts and nonmetal rockbolts based on the materials [3] [4] [5] . The nonmetal rockbolts are made of wood or glass, which are used on some temporary support cases. Millions of metal rockbolts are being installed worldwide every year. Nowadays, most studies on rockbolts only consider the mechanical performance of rockbolts with no structural changes. Former carried out pull-out tests on rockbolts and found that the axial stress of the bolt decreases exponentially from the point and loading the end of the bolt [6] . Chen et al. proposed an analytical model for load transfer behaviour of fully grouted bolts [7, 8] . Ma et al. carried out numerical modelling to investigate the nonlinear behaviour of rockbolts in tension. Kang et al. studied the stability of construction with rockbolt support under dynamic loads [9, 10] .
With the service time and application amount of rockbolts increasing, corrosion of rockbolts has been widely observed. Some researchers paid attention to understand the effect of corrosion on the performance of rock support and reinforcement. Crosky and Hebblewhite analysed 44 failed rockbolts from four underground mines in Australia and found that most of the broken rockbolts appeared to have failed by corrosion [1] . Wu et al. analysed the steel mesh corrosion in underground coal mines and found the underground constructions are in a typical corrosive condition [11] . Further, Wu et al. developed a framework for simulation stress corrosion cracking of cable bolts [12, 13] . Song et al. introduced the applications of smart sensors in monitoring corrosion of rockbolts [14] . Vandermaat et al. proposed a back-calculation method for predicting failure stress of rockbolts affected by stress corrosion cracking. However, current geotechnical engineering design methods for underground mining have only a minor amount of information regarding corrosion of rockbolts and its effect on the stability of underground constructions [15] . Slotted rockbolts are a type of rockbolts working by frictional resistance between the bolt and the rock [14] . The slotted rockbolt is easy to install and its cost is cheap, which is the most common rockbolt in underground mines. The anchoring force degradation of slotted rockbolts caused by corrosion has not been well understood. This paper attempts to evaluate the corrosion of slotted rockbolts and corrosion-induced anchoring performance degradation in a coastal underground mine. The working condition of rockbolts and the groundwater flowing in Sanshandao gold mine are first analysed. The chemical composition and pH value of the groundwater are tested. Then the corrosion of rockbolt is discussed and the corrosion rate is estimated based on experimental results from several similar mines. A time-dependent analytical model for the anchoring force degradation caused by corrosion is developed. The effects of corrosion rate and geometric design of rockbolts on the anchoring force degradation are discussed. Finally, suggestions on rockbolts support design are given for the corrosive condition of the mine.
Corrosion Environment Assessment of Sanshandao Gold Mine
Sanshandao mine is an underground gold mine located in Jiaodong Peninsula where the largest gold resources in China exist. As shown in Figure 1 , the mine is a coastal mine and a part of the deposit is under the sea. The hydrogeology of the mine is complex because three faults with a range of thickness 1∼10 m exist in the mine area. Moreover, the fault F2 develops into the Bohai sea, which results in a powerful water conductivity. For evaluating the groundwater condition, a groundwater gushing survey is first carried out. The groundwater inflow in the roadways of the mine is shown in Figure 2 . It can be seen that the groundwater is very rich in the mine. The water gushes and seeps out from the surrounding rock. According to the metallogenic and geological condition, probably the groundwater comes from the ancient seawater stored in the rock. Figure 2 [17] . Moreover, the pH value of the groundwater value ranges within 4.68∼7.14 and the average value is 6.18. Therefore, the groundwater of Sanshandao Gold mine is mainly acid water. The anion and cation with the highest content of the groundwater are Cl − and Na + , respectively. The acid groundwater with high content of Cl − makes the metal rockbolt serve in a corrosive environment. The corrosion of rockbolt should not be ignored for keeping the roadway stable.
Rockbolt Corrosion in the Roadways

Corrosion of Rockbolt Attacked by the Groundwater.
The excavation depth of Sanshandao Gold mine has reached -800 m level where the ground stress is very high. To ensure that roadways are stable and safe, a large amount of rockbolt is used to support rock. In consideration of mining cost, rockbolts used in the mine are the slotted metal bolt as shown in Figure 3 . After the excavation of roadways, boreholes are drilled and then the slotted bolts are installed into the boreholes. The diameter of boreholes is smaller than that 4 International Journal of Corrosion of the rockbolt. A radial spring force is created by the compression of the C-shaped steel tube and a tight friction contact between the rock and the bolt is generated. There are many faults and fractures around the rock of roadways, which can be passes of the groundwater. As illustrated in Figure 4 , the groundwater flows from the fault and fractures into roadways and reaches to attack the rockbolt. Because of the high content of chloride ion and low pH value of the groundwater, the electrochemical corrosion cells form and then the rockbolt gradually corrodes. Hassell concluded corrosion rates of rockbolt under several underground mines in Australia [15] . The corrosion rate and working conditions of rockbolts are introduced in Table 2 . It can be seen that the corrosion rate in different corrosive environment ranges from 0.08 mm/a to 1.32 mm/a. And the temperature has a significant influence on the corrosion rate. According to the theory of reinforcement corrosion in concrete, the higher the temperature is, the larger the corrosion rate of steel bar is [18, 19] . The temperature of groundwater in Sanshandao gold mine varies from 35 ∘ C to 45 ∘ C. The deeper the mining depth is, the higher the temperature is. The average chloride ion content of the groundwater in Sanshandao mine is about seven times larger than that in Enterprise mine. Moreover, the pH value of the groundwater in Sanshandao mine is lower than that of mines in Table 2 . It can be estimated that the corrosion rate of rockbolts in Sanshandao gold mine is higher than or similar to that of mines in Table 2 . It should be mentioned that the corrosion rate of rockbolt is related to chloride ion, temperature, oxygen and metal composition, etc. This paper tries to analyse rockbolts failure under different corrosion rates.
Anchoring Force Degradation Induced by Rockbolt Corrosion.
The anchoring force of rockbolt is the maximum force when pulling out the rockbolt from the rock, which is the most important parameter for assessing the effect of support. Most researches on rockbolt supporting did not consider the corrosion of rockbolt. The mechanical model of slotted rockbolt is shown in Figure 5 .
The model describes a two-dimensional plain strain problem. The load between the rock and the rockbolt is assumed as uniform. The maximum stress of circular tube can be expressed as
where max is the maximum stress of rockbolt, which is the yield stress for calculating the maximum anchoring stress; is the maximum radial stress; is the inner radius of rockbolt; and is the thickness of rockbolt.
The frictional force between the rock and the rockbolt can be obtained as
where is the frictional coefficient between the rock and bolt.
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The friction force along the length direction of the rockbolt is in hyperbolic distribution and the maximum value is at the surface of roadway [20, 21] . The anchoring force can be expressed as
where N is the anchoring force; is the length of rockbolt; and is a coefficient related to rock and rockbolt deformation properties:
where is the shear stiffness of rock and is the elastic modulus of rockbolt.
Corrosion makes the thickness of slotted rockbolts decrease with the time:
where 0 is the initial thickness of the slotted rockbolt; t is the corrosion time in years; and V is the corrosion rate in depth. The time-dependent anchoring force of rockbolt could be calculated by the above equations. The values and units of parameters are shown in Table 3 . Figure 6 illustrates the time-dependent anchoring force under different corrosion rates. It can be seen that the original anchoring force of the rockbolt is about 42 kN which has a good agreement with the design value. The initial anchoring force can ensure the stability of roadways in Sanshandao gold mine. With the service time increasing, the anchoring 6 International Journal of Corrosion force is gradually decreasing. It is because corrosion reduces the effective thickness of the slotted rockbolt. The larger the corrosion rate is, the faster the anchoring force decreases. When the corrosion rate is 1 mm/a, the anchoring force decreases to half of initial value at first year, while when the corrosion rate is 0.05 mm/a, the anchoring force decreases to about 60% of the initial value at tenth year. Therefore, corrosion of the rockbolt has great significant influence on the anchoring force. If the corrosion has not been considered when designing or using the rockbolt, the roadways may be unstable in the serving period. It should be noted that the analysis on the anchoring force only considers the thickness reduction of the slotted rockbolt. The effects of corrosion products on frictional coefficient and stress corrosion cracking of rockbolts are not considered. In fact, with the corrosion degree increasing of rockbolt, the corrosion products will be washed away by the flowing groundwater. The strength of rockbolt would be reduced because of corrosion. Moreover, the stress corrosion of rockbolt may occur under high stress conditions. However, the effects of corrosion on the frictional coefficient and the strength of the slotted rockbolt are not very clear now. More experimental researches should be carried out on the corrosion of rockbolt.
Parametric Studies of the Rockbolt on Anchoring Force
Degradation. The radius, thickness, and length of the slotted rockbolt are three important parameters when designing a rockbolt. Taking corrosion rate 0.5 mm/a as examples, the effects of radius, thickness, and length of slotted rockbolt on anchoring force are discussed. Figure 7 shows the anchoring force degradation under different radius of the rockbolt. The smaller the rockbolt radius is, the larger the anchoring force is. With the increasing of corrosion time, the anchoring force is smaller and smaller. The radius of rockbolt has little effect on the final failure time. However, in the effective service period of rockbolts, a smaller value of rockbolt radius has a better anchoring ability for roadways. thickness 2.0 mm, the anchoring force reduces to 10 kN at about 1.5 years when the anchoring force for thickness 3.0 mm is about 35 kN. Therefore, for roadways under a corrosive environment, it is necessary to use a thicker slotted rockbolt. The effect of lengths of rockbolts on anchoring force is shown in Figure 9 . It can be seen that the longer the rockbolt is, the larger the anchoring force is, while for long-term service time of rockbolt, the anchoring forces are similar for different lengths of rockbolts.
Suggestions for the Rockbolts Support Design in Corrosive Underground Mines
Rockbolt support is the most common support type for roadways in underground mines. However, many roadway failure accidents occur due to inappropriate rockbolt support designs. The serivce period of roadways in underground mines varies from about 1 to 50 years according to the purposes of roadways. Most managers simplify the roadways as temporary constructions and ignore the durability of roadways. However, the corrosion of rockbolts has a great significiant infuence on the stability of roadways, especially for high corrosive environment or long-term service roadways. The following suggestions are given for rockbolt support under corrosive underground mines: (1) Comprehesive tests and analyses on the groundwater inflow, chemical composition of the groundwater, fracture network of the rock, and corrosion rate should be carried out. The corroson rate and corrosion degree of metal rockbolt should be measured and monitored. corrosion-induced rockbolt failure. (4) Corrosion prevention methods like barrier coatings and hot-dip galvanization can be used to prevent or minimize rockbolt corrosion. Special rockbolts made of stainless steel or fiber reinforced plastics can be used under economic permitted level.
Conclusions
In this paper, the chemical composition and pH value of the groundwater in Sanshandao gold mine were first tested. The corrosion mechanism of the slotted rockbolt used in the roadways was analysed. The potential corrosion rate of rockbolt was evaluated based on results from similar corrosive conditions. An analytical model for the anchoring force degradation of rockbolts caused by corrosion was developed. Further, the effects of corrosion rate and geometric parameters of the rockbolt on the corrosion-induced anchoring force degradation are investigated. Finally, suggestions on rockbolt support design in corrosive underground mines are given. It has been found that the groundwater in Sanshandao gold mine contains high concentration chloride ion and the pH value of the groundwater ranges within 4.68∼7.14. The metal slotted rockbolt used in the roadways is attacked by the groundwater flowing in the fractures. It is estimated that the corrosion rate of the slotted rockbolt is in the range of 0.5∼1.5 mm/a. The anchoring force between the rock and the rockbolt will gradually decrease with the corrosion time of the rockbolt increasing. The larger the corrosion rate is, the faster the anchoring force decreases. For long-term service roadways under corrosive conditions, a slotted rockbolt with a smaller radius and thicker wall can enhance the anchoring force.
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